Fish can be exposed to multiple stressors at the same time, including natural toxins, environmental pollutants or feed contamination. In this study, we report on the effects of controlled exposure of rainbow trout (Oncorhynchus mykiss) to multiple stressors. In doing so, we test the hypothesis that cyanobacterial biomass and arsenic in feed combine to enhance negative effects on fish, including modulation of antioxidant response. The trout (mean weight 288 ± 59 g) were divided into six experimental groups of 25 fish each (C -control group; B -3% lyophilised toxic cyanobacterial biomass; As5 -arsenic at 5 mg·kg -1 ; As50 -arsenic at 50 mg·kg -1 ; and two combinations of cyanobacterial biomass and arsenic (B+As5 and B+As50). All indicators of oxidative stress were determined using standard methods, showing significant changes. Overall antioxidant capacity (ferric reducing antioxidant power) decreased significantly in the liver, gills and heart after 10-days, while lipid peroxidation (thiobarbituric acid reactive substances) increased in the liver of groups exposed to cyanobacterial biomass, and in the heart of groups exposed to increased concentrations of arsenic and those under combined exposure. Levels of glutathione reductase showed a significant reduction following exposure, especially in the gills and liver. Our results indicate that the antioxidant system plays an important role in the protective response of tissues to stressors, and especially arsenic.
Arsenic is one of the most toxic of environmental contaminants. Arsenic is readily accumulated in the tissues of fish and other organisms (Celechovska et al. 2011 ). As such, fish are valuable bioindicators of arsenic toxicity as they are continuously exposed to the contaminant through gill respiration and intake of arsenic in contaminated food (Ghosh et al. 2006) . Many studies have also examined sub-lethal effects of exposure, such as growth reduction, avoidance behaviour, and haematological, biochemical and ionoregulatory responses (Lavanya et al. 2011) . Freshwater fish can be exposed to high doses of arsenic when fed commercial feed mixtures containing marine fish meal. In the Czech Republic, the arsenic content in complete fish feed is limited to 6 mg·kg -1 under Czech Decree No. 356/2008 on animal feedstuffs.
Cyanobacteria are world-wide occurring natural components of marine and freshwater ecosystems. Cyanobacteria and fish have coevolved in the same habitats; hence, the question arises as to whether the cyanotoxins in cyanobacteria taken naturally as a component of the fish diet affect fish physiology (e.g. growth) and accumulate in the fish body. A number of studies have examined the influence of cyanotoxins either experimentally or following natural contamination using a range of clinical, morphological, histological, ultrastructural, haematological, and biochemical methods (Paskerova et al. 2012) .
One of the most common by-products of cyanobacterial blooms are hepatotoxic microcystins (Microcystis), which can occur at high concentrations in shallow waters where cyanobacteria accumulate. Consumption of microcystins along with the cyanobacteria can result in injuries to fish. Microcystins are also released into the water following the death and decay of cyanobacterial biomass, after which they can enter the fish body through the gills. A complete summary on the effects of microcystins on fish has been published by Malbrouck and Kestemont (2006) .
Under natural conditions, fish are often exposed to multiple stressors, including both natural toxins and chemical pollutants. Synergistic interactions between chemical and natural stressors complicate the ecological risk assessment of chemical mixtures considerably. Despite this, interactions with cyanobacterial stressors have received very little attention thus far (Cerbin et al. 2010; de Coninck et al. 2013) .
In this study, we examine the effects of controlled exposure of multiple stressors (arsenic and cyanobacteria) on a test fish, the rainbow trout (Oncorhynchus mykiss) using a range of oxidative stress indicators. In doing so, our aim was to test the hypothesis that the effects of cyanobacterial biomass in feed and a feed contaminant (represented by arsenic) are increased when taken in combination.
Materials and Methods
All rainbow trout (mean weight 288 ± 59 g) in this experiment were obtained from the Skalní Mlýn commercial fish farm in the Czech Republic. The fish were left to acclimatise for 20 days prior to the start of the experiment. The trout were divided into six experimental groups of 25 fish each, with each group being placed into individual 1 m 3 tanks with their own recirculation system. These tanks were kept under controlled light (12-h light/12-h dark) and temperature conditions throughout the experiment.
Water temperature, pH, oxygen saturation and conductivity were monitored every day. Water properties during the experiment were as follows (for the control and experimental groups, respectively): water temperature -16.4 ± 0.3 / 15.4 ± 0.3 °C; dissolved oxygen -91.5 ± 4.2 / 91.7 ± 3.6 %; pH -8.2 ± 0.2 / 8.3 ± 0.1; conductivity (recalculated to 25 °C) -70.5 ± 9.8 / 70.9 ± 9.6 mS·m -1 . Oxygen saturation, pH and temperature were measured using a HACH HQ40D portable meter (HACH LANGE, Germany). Conductivity measurements were taken using a HANNA HI 98129 conductivity meter (HANNA Instruments, USA).
Chemical (APHA 1998) . Properties during the experiment were as follows (for the control and experimental groups, respectively): N-NH 4 0.05 ± 0.04 / 0.04 ± 0.04 mg·l -1 ; N-NO 3 24.3 ± 2.3 / 24.2 ± 2.1 mg·l -1 ; N-NO 2 0.12 ± 0.09 / 0.13 ± 0.10 mg·l -1 ; P-PO 4 0.66 ± 0.04 / 0.62 ± 0.16 mg·l -1 . The control group (C) was fed with EFICO Enviro 920 commercial complete food (Biomar, Denmark; 44% proteins, 29% fat, 12.4% nitrogen free extract, gross energy 25 MJ·kg -1 ), which contained arsenic at trace levels (1.55 mg·kg -1 ) below the maximum allowable limits. Each of the five experimental groups received the same food; with the addition of 3% lyophilised toxic cyanobacterial biomass (Group B); arsenic at 5 mg·kg -1 (Group As5); arsenic at 50 mg·kg -1 (Group As50); and two combinations of cyanobacterial biomass and arsenic (Groups B + As5 and B + As50). Fish were fed twice a day for 30 days at 0.8% of the fish weight for the first 10 days and then at 1% of the fish weight for the following 20 days.
Cyanobacterial biomass (identified microscopically as a monoculture species of Microcystis aeruginosa; 43.3% proteins, 2.3% fat) was obtained from ponds at the Pohořelice fish farm in the Czech Republic. The cyanobacteria were lyophilised and stored at -20 °C until required. Microcystin concentration was measured using a modified liquid chromatography with tandem mass spectrometry (LC-MS/MS) method according to Kohoutek et al. (2010) . The microcystins present were identified as MC-RR (1462.4 μg·g -1 DW), MC-LR (1087.9 μg·g -1 DW), MC YR (95.9 μg·g -1 DW) and unidentified (51.7 μg·g -1 DW). Total microcystin concentration was 2697.9 μg·g -1 DW; hence, 3% of cyanobacterial biomass added to the feed corresponded to 81 mg MCs·kg -1 feed. A standardised arsenic solution (Astasol, Analytika Praha, Czech Republic) was used for the preparation of arsenic-contaminated food, with the stock solution containing 1.000 ± 0.002 g·l
As 5+ in 2% nitric acid. Seven fish from each group were sampled after 10, 20 and 30 days of exposure. The fish were sacrificed by stunning with a blow to the back of the head followed by spinal cord transection. Each fish was dissected and individual organs (heart, gills and liver) were dissected for the evaluation of oxidative stress indicators. All experiments were performed in compliance with Czech laws for the protection of animals against cruelty (Act No 246/1992 and amendments), as approved by the Ethics Committee of the University of Veterinary and Pharmaceutical Sciences, Brno, Czech Republic.
Separated organs were homogenised as follows: phosphate buffered saline pH 7.4 was added to the tissue sample at a rate of 1 ml per 100 mg of tissue, whereupon it was mechanically mixed for one minute at 8000 revolutions per minute using an UltraTurrax mill (Ika Werke, Staufen, Germany).
The total content of low molecular weight antioxidants was determined by assessing ferric reducing antioxidant power (FRAP) using the spectrophotometric method (absorbance 593 nm) of Pohanka et al. (2009) . The marker malondialdehyde, a product of membrane oxidative degradation was determined by assessing contents of thiobarbituric acid reactive substances (TBARS), using the spectrophotometric procedure (absorbance 532 nm) of Pohanka (2014) . Glutathione reductase (GR) is an antioxidant enzyme that produces reduced glutathione in its oxidised form. The GR enzyme activity was measured (absorbance 340 nm) using an adapted optic test (Pohanka et al. 2011) .
Results from different treatment groups were compared by one-way analysis of variance (ANOVA) and post hoc analysis of means using Scheffe test. All statistical analyses were performed using Statistica for Windows ® 7.0 (StatSoft, Tulsa, OK, USA).
Results
Oxidative stress analysis revealed a significant decrease in FRAP at T10 in all tissues analysed, especially in groups exposed to cyanobacteria ( Fig. 1; Table 1 ). On the other hand, we observed a significant increase in TBARS at T20 and T30 for heart samples following exposure to higher concentration of cyanobacteria and arsenic combined (Group B + As50), and a significant increase in the liver at T10 after exposure to cyanobacteria (Group B; Table 1 ). Antioxidant enzyme analysis indicated increased GR in liver at T20 following exposure to higher concentration of cyanobacteria and arsenic combined (Group B + As50), while liver samples exposed to cyanobacteria alone (Group B) showed significantly higher GR at T30 ( Fig.  3 ; Table 1 ). In gills, however, GR was significantly decreased at T10 following exposure to a higher concentration of cyanobacteria and arsenic combined (Group B + As50; Fig. 3 ; Table 1 ). All other changes in oxidative stress indicators were either non-significantly increased or decreased in comparison with the control (Table 1) .
Discussion
Ferric reducing antioxidant power (FRAP) is a non-specific test that measures ferric-to-ferrous iron reduction in the presence of antioxidants. As such, FRAP represents the antioxidant power of the tissue sample, generally mediated through non-protein antioxidants.
In the past, FRAP has been used to determine antioxidant-capacity changes due to the actions of natural pigments, drugs and other foreign agents (Pohanka et al. 2011; Mrkvicova et al. 2016 Our own results showed a significant decrease in FRAP values in all the organs examined (liver, heart, and gills) after 10 days of exposure, with no significant changes observed after further 20 and 30 days of exposure (Fig.  1) . As significant changes were determined in all experimental groups, this also suggests that both arsenic and microcystin decrease FRAP values, both individually and in combination, but with no evidence of a synergistic effect.
Lipid peroxidation is a freeradical chain-reaction that is primarily the outcome of oxidation and formation of free radicals by peroxides and superoxides continuously generated in living cells exposed to environmental stress. As such, lipid peroxidation is a suitable general mechanism for explaining toxicity of chemicals. Thiobarbituric acid reactive substances (TBARS), which include malondialdehyde and other aldehydes, are produced by lipid peroxidation and can be used as indicators of oxidative stress (Bhattacharya and Bhattacharya 2007; Paskerova et al. 2012) .
In animals, the toxicity of arsenic compounds depends on the species, sex and age, dosage and exposure time. Arsenic increases the production of free radicals and has an impact on all the cellular components, including membranes. Previous studies have shown that the tissues of fish exposed to arsenic at concentrations of 0.1-8.4 mg·l -1 display oxidative stress. Allen et al. (2004b) reported that while arsenite induced lipid peroxidation in the liver, kidney and gills of snakehead fish (Channa punctatus) following a seven-day exposure, TBARS decreased after 60 days of exposure but increased again after 90 days. Arsenic exposure in Indian catfish (Clarias batrachus) increased the TBARS content in liver from the beginning of exposure, with a first peak on day 2, gradually decreasing to the basal level on day 5, and a second peak on day 7, subsiding by day 10 (Bhattacharya and Bhattacharya 2007) . Malondialdehyde concentrations were found to have increased 24.7 ± 13.7
Seven fish from both the experimental and control group were analysed at each sampling.
C -control group; B -3% lyophilised toxic cyanobacterial biomass; As5 -arsenic at 5 mg·kg
; As50 -arsenic at 50 mg·kg
; and two combinations of cyanobacterial biomass and arsenic (B + As5 and B + As 50); T10, T20 and T30 represent the groups 10, 20, and 30 days after exposure; FRAP -ferric reducing antioxidant power; TBARS -thiobarbituric acid reactive substances; GR -glutathione reductase; SD -standard deviation in the eye, brain, liver, kidney, skin and intestinal tissues of mirror carp after a month of arsenic exposure (Altikat et al. 2013 ). On the other hand, no significant change in TBARS was observed under the influence of arsenic in the tissues of fish (Bagnyukova et al. 2007 ). Lipid peroxidation, therefore, appears to be a reasonable marker of oxidative damage in fish, especially following a short acute exposure to microcystins, complex cell samples and cyanobacterial extracts (Paskerova et al. 2012 ). The liver, kidneys and gills of fish exposed to microcystins or toxic cyanobacterial cells showed a significant increase in the level of lipid peroxidation after 3, 4, 7 and 21 days (Jos et al. 2005; Atencio et al. 2009 ). On the other hand, there were no changes in malondialdehyde in any of the organs after 14 days (Jos et al. 2005) . No effects were recorded in the liver of silver carp (Hypophthalmichthys molitrix) after a 25-day exposure to toxic cyanobacteria (Blaha et al. 2004) . After a 24-h acute exposure to microcystin, the TBARS content increased in the brain of pepper cory (Corydoras paleatus) and decreased in the gills and liver (Cazenave et al. 2006) .
Our own results showed an increase in TBARS in the liver after 10 days of exposure; though a significant difference was only documented between the control and cyanobacterial biomass (Group B). As shown above, the majority of previous studies have reported an increase in the TBARS content in a range of organs (mainly liver) following exposure to arsenic or toxic cyanobacteria. Although the liver is the main detoxifying organ in fish, and as such has a high antioxidant capacity, our results showed no change following co-exposure of arsenic and toxic cyanobacteria. In our study, significant differences between the control and both combined stressor groups (Groups B + As5 and As50) were detected in the heart after 20 and 30 days of exposure. While the heart is a rarely studied organ with regard to the detection of oxidative stress markers, our study showed it to be a suitable organ for monitoring lipid peroxidation.
Glutathione reductase (GR) plays an important role in the cellular antioxidant protection and adjustment processes in metabolic pathways. Exposure to low concentrations of arsenic, a decrease in the GR activity was reported in the tissues of fish (Battacharya and Battacharya, 2007; Altikat et al. 2013) . In aquatic organisms, such a decrease in GR activity following arsenic exposure is an indicator of oxidative deterioration (VenturaLima et al. 2011 ). Allen and Rana (2004a) and Sarkar et al. (2014) both reported that the GR activity was significantly affected by arsenic in fish during a 90-day exposure, but that the GR values in the liver, kidney and brain fluctuated. On the other hand, no significant change in the GR activity was observed by Bagnyukova et al. (2007) in the liver of gold fish. In general, therefore, short-term exposure to low arsenic concentrations increases the activity of these enzymes, while chronic exposure usually decreases activity (Shi et al. 2004) .
Our data showed a significant increase in the GR activity in the liver of trout exposed to microcystin or cyanobacterial biomass. Similar significant increases in the liver GR enzyme activity have been observed in tilapia (Jos et al. 2005; Atencio et al. 2009 ), common carp (Adamovský et al. 2007 ) and pepper cory (Cazenave et al. 2006) . A number of experimental investigations, however, have shown no effect on the GR activity in the liver of fish (e.g. Amando et al. 2011) . Hence, GR is a relatively sensitive biomarker of cyanobacteria-induced oxidative stress, especially following long-term exposure and in studies of liver tissue, where, to our knowledge, no inhibition has been recorded, thus indicating the discriminating potential of GR (Paskerova et al. 2012) .
Our results correspond with those of previous authors who found the liver to be the most sensitive organ (see above), displaying increased GR activity after 20 and 30 days of exposure. Significant differences were only recorded within the groups with cyanobacterial biomass (Group B), however, and those with higher concentrations of arsenic and cyanobacterial biomass combined (Group B + As50; Fig. 3 ). On the other hand, the GR activity decreased significantly in the gills after 10 days of exposure to high concentrations of arsenic and cyanobacteria combined (Group B + As50). Most previous authors have suggested that the gills are not sensitive enough for the detection of oxidative stress caused by arsenic or cyanobacteria (e.g. Jos et al. 2005 ). To our knowledge, induction has not been recorded in previous studies on gill tissue, although studies by Min et al. (2015) and Cazenave et al. (2006) did detect a significant decrease in the gill GR activity in the presence of arsenic or cyanobacteria. Our results have shown that combined exposure to arsenic and cyanobacteria can reduce (reverse) the decrease in GR in gills.
These results provide an important insight into the combined effects of two stressors that commonly co-occur in the freshwater environment (i.e. arsenic and Microcystis from cyanobacteria), and the oxidative stress response they elicit in rainbow trout. Some experimental studies have shown that combined stressors can enhance the influence of oxidative stress markers in fish (Adeyemi et al. 2014; Sinha et al. 2015) ; whereas other studies (e.g. Ransberry et al. 2016 ) have shown no effect of combined stressors on biomarkers. As fish are the most diverse of vertebrates, high interspecific variability in any biological response is likely, especially as the effect of such biomarkers will depend on type of exposure, material, duration, dose, age, organ and species, as well as many external environmental factors; though these are only rarely characterised. As such, nonsystematic responses make interpretation of oxidative stress biomarkers complicated. Our results confirm the hypothesis that the influence of toxic cyanobacterial biomass and a chemical agent, represented by arsenic, can combine to enhance their harmful effects on rainbow trout, i.e. while single agents in sub-lethal doses change oxidative stress indicators, co-exposure leads to an increased effect, resulting in a significant increase or decrease in levels of FRAP, TBARS and GR activity.
